We examined the influence of inactivation of various genes located in the unique short (Us) region of pseudorabies virus on virus replication and assembly in porcine nasal mucosa explant cultures. The following strains were used: the virulent wild-type strain NIA-3, and strains derived from NIA-3 containing a mutation inactivating the genes encoding either the US3-encoded protein kinase (PK), gG, gD, gI, gE, the 28 kDa (' 28K') protein (single mutant), or the 28K and 11 kDa ('11K') proteins (double mutant). In addition a wild-type rescuant was used, which was generated by marker rescue from a PK mutant. All virus strains infected nasal epithelium and had invaded the stroma after approximately 24 h. The morphogenesis in nasal epithelium cells of two PK-mutants showed the most striking differences compared to the parent NIA-3 strain and the other mutant strains. The changes could be ascribed to the US3-encoded PK because the rescue mutant showed a similar morphogenesis to wild-type NIA-3. The transmembrane transport of the PKmutants was impaired at the outer nuclear membrane which resulted in an accumulation of virions in the perinuclear space. These results suggest that proteins, phosphorylated by the US3-encoded PK, are involved in debudding of virus particles at the outer nuclear membrane. This defect in the transport of the US3 mutant probably explains their reduced replication in vitro. The gG-, gD , gI , gEL 28K-and 11K-mutant strains showed minor or no changes in viral assembly. Thus the reported decreased virulence of the gD , gF and gE mutants was, in contrast to that of the PKmutants, not associated with clear alterations in morphogenesis.
Pseudorabies virus (PRV; synonyms Aujeszky's disease virus and suid herpesvirus type 1) is an alphaherpesvirus that causes an economically important disease of swine. The genome of PRV is a linear double-stranded DNA molecule that consists of a unique long (U0 region and a unique short (Us) region flanked by inverted and terminal repeats (Ben-Porat et al., 1979) (Fig. 1 ). The U s region contains successively the US3 gene encoding a protein kinase (PK), genes encoding the glycoproteins gG (formerly gX), gD (gp50), gI (gp63) and gE (gI), the US9 gene encoding an 11 kDa (' 11K') protein, and the US2 gene encoding a 28 kDa (' 28K') protein (Petrovskis et al., 1986a, b; Reaet al., 1985; van Zijl et al., 1990) . The US3 gene encodes a serine/threonine containing protein kinase which phosphorylates a major virion phosphoprotein and probably other proteins (Zhang et al., 1990) . A mutant lacking the US3-encoded PK showed reduced virulence for pigs (Kimman et al., 1992) . The function of gG is unknown, but gG deletion mutants * Author for correspondence. Fax +31 3200 38668. e-mail j.m.a.pol@ID.AGRO.NL are fully virulent for mice and pigs (Kimman et al., 1992; Thomsen et al., I987) . Glycoprotein gD is essential for replication in cell culture and plays a role in penetration of the virus into cells (Peeters et al., 1992 (Peeters et al., , 1993 . Glycoprotein gI and gE are non-covalently linked transmembrane proteins and are structural components of the virion envelope (Petrovskis et al., 1986a; Whealy et al., 1993) . These proteins are involved in virulence (Kimman et al., 1992; Kritas et al., 1994a, b; Mettenleiter et al., 1987) . The 11K protein is probably a tegument protein (Petrovskis & Post, 1987) . No functions have yet been attributed to the 28K protein. A mutant lacking the 28K protein showed normal virulence (Kimman et al., 1992) . To examine whether changes in virulence could be attributable to the ultrastructural changes in virus assembly, we investigated the influence of inactivation of the U s genes on viral morphogenesis in nasal mucosa explant cultures. Pol et al. (1991a) previously developed an explant system for the study of PRV infection and morphogenesis in nasal mucosa and demonstrated that the NIA-3 strain of PRV infects epithelial cells in the nasal mucosa and invades the The positions of the premature stop codons are indicated by arrows and the size of the deletion in the mutants used in this study is indicated by horizontal bars Peeters et al., 1992) .
stromal cells at approximately 24 h after inoculation (Pol et al., 1991 a, b) . The ability to penetrate the basal lamina and to infect fibroblasts and macrophages in the stroma is probably an important feature for the expression of virulence. This method is an in vitro system that closely mimics the in vivo infection . In this study we infected nasal mucosa explants with wild-type NIA-3 virus, and with mutant strains of NIA-3 virus containing mutations inactivating the genes encoding either the US3 PK, gG, gD, gI, gE, the US9 11K protein (single mutant), and the US9 11K and US2 28K proteins (double mutant). Mutant viruses were generated by insertion mutagenesis as described previously . The positions of the insertions and deletions are shown in Fig. 1 . Mutants Mll0 and Ml18 have a premature translation termination codon in the PK-encoding US3 gene. M110, in contrast to M118, has a BamHI fragment 6 that is approximately 100 bp smaller than that of the parent strain. A slight variation in the size of the BamHI 6 region is frequently observed among virus isolates of PRV (Kimman et al., 1992) . Mutant M 120 was generated from the PK-mutant M 118 by marker rescue and has a wild-type phenotype in pigs. For this purpose, purified cloned BamHI 10 fragment from the parental NIA-3 strain was cotransfected with the viral DNA from strain Ml18 (Kimman et al., 1992) . Mutants M104, M102 and M 101 have a premature translation termination codon in the 5'-terminal side of the genes encoding gG, gI and gE. Mutant R122 was constructed by means of overlap recombination in cells expressing gp50 (Peeters et al., 1992) . Mutant Ml13 and Ml15 are deletion mutants lacking the genes encoding for 28K protein, and 11K and 28K proteins, respectively. Mutant M209 was generated by cotransfection into cells of four purified overlapping DNA fragments that together make up the entire wildtype viral genome, as described previously (Van Zijl et al., 1988) ; this strain was used as the wild-type control.
Nasal mucosa explants from specific-pathogen-free Dutch Landrace pigs were placed in dry 35 mm 2 plastic macro plates (Costar Europe) and infected with 1 ml of virus suspension (containing 107 p.f.u./ml) for 1 h at 37 °C. Subsequently, the explants were washed three times with PBS and transferred to a sterile 35 mm 2 Petri dish containing fresh Earle's MEM with 10 % FCS and antibiotics as described previously (Pol et al., 1991a) . Uninfected mucosa explants were treated identically and used as controls. At 24 and 48 h post infection (p.i.), the spread of the viral infection in epithelium and in stroma was examined immunohistochemically. At 24h p.i. ultrastructural changes and viral morphogenesis were studied by electron microscopical examination (Pol et al., 1991b) .
At 24 h p.i. viral antigens were detected immunohistologically in both the nucleus and cytoplasm of epithelial and stromal cells with the wild-type NIA-3 strain ( Fig. 2a) . At 48 h p.i. the infection had invaded deep within the stroma. Large areas of the epithelium were necrotic and had sloughed off. In comparison with NIA-3, the PK-mutants M110 and M118 infected fewer epithelial cells and hardly infected stromal cells at 24 h p.i. (Fig. 2b ). Even at 48 h p.i. only very few stromal cells were infected by the PK-mutants. The marker rescued virus M120 showed a similar infection pattern to that of wild-type NIA-3. Mutant Ml13 (28K-) appeared to penetrate the stroma somewhat slower than NIA-3. This strain needed 48 h to infect stromal cells. The infection of the other mutants resembled very much that of NIA-3. i. with (a) the wild-type NIA-3 strain and (b) the PKmutant strain Ml18. Mucosa explants were fixed in 4% neutralbuffered formalin and stored in liquid nitrogen. Cryosections were incubated with rabbit anti-PRV serum, washed with PBS, and incubated with sheep anti-rabbit peroxidase conjugate. The peroxidase activity was visualized with 3,3'-diaminobenzidine tetrahydrochloride . Viral antigens were stained black. (a) Upon infection with NIA-3, the entire layer of epithelial cells contained viral antigens. In the stroma some fibroblasts and macrophages contained viral antigens (arrows). (b) Upon infection with the PK-mutant few epithelial cells were infected.
Electron microscopical examination was performed according to Wagenaar et al. (1993) . The morphogenesis of each virus mutant was studied in at least 10 different foci of infection in five sections of four samples of infected nasal mucosa at 24 h p.i. Virions were counted in 25 randomly assigned infected epithelial cells. In each cell, viral particles were counted in the nucleus, in the perinuclear space, in the cytoplasm, and in cytoplasmic vesicles (Table 1) .
Upon infection with the NIA-3 strain (Fig. 3) , empty capsids (i.e. capsids devoid of DNA) and capsids containing an electron-dense DNA core were detected in the nucleus of infected epithelial cells. The term empty capsid is not related to the nomenclature of A, B and C particles as mentioned by Gibson & Roizman (1972) . In the perinuclear space we occasionally observed some enveloped capsids. In the cytoplasm, capsids were naked and budded at the smooth endoplasmic reticulum (SER). Single enveloped virus particles were seen within small vesicles in the cytoplasm. In the extracellular space numerous enveloped virus particles were present. Infection with strains M209 (wild-type) and M 120 (rescued M118) resulted in an assembly pattern similar to that obtained after infection with the parent strain NIA-3.
In comparison with NIA-3, the most drastic changes in virion morphogenesis were observed after infection with the PK-mutants M110 and M118 (Fig. 4) . Upon infection with these mutants, numerous viral particles accumulated in the perinuclear space of 80-90 % of the infected epithelial cells, and only very few virus particles were present in the cytoplasm and in the extracellular space. Thus the transport of virions through the outer nuclear membrane appeared impaired resulting in accumulations of virions in the perinuclear space. The other mutants showed a similar morphogenesis to NIA-3, or showed minor changes only. Upon infection with mutant M104 (gG) (Fig. 5) , virus assembly was identical to that of NIA-3. However, in contrast to NIA-3 infected cells, M104 (gG-) infected cells had many vacuoles in the cytoplasm. This mutant caused also enlargement of the space between the inner and outer nuclear membrane. Upon infection with mutant R122 (gD-), virus assembly was similar to that of NIA-3. Numerous virus particles were present in the extracellular space and in the nucleus, but no viral particles were detected in cytoplasmic vesicles. Upon infection with mutant M102 (gI-), in some infected cells, cytoplasmic vesicles containing many enveloped virus particles were observed. Virions of mutant MI01 (gE-) were predominantly detected as naked capsids in the cytoplasm. Only few capsids budded at the SER. Otherwise the morphogenesis of this strain resembled that of NIA-3. Also the morphogenesis of mutants Ml13 (28K-) and M 115 (28K , 11K-) resembled that of NIA-3, but many enveloped virus particles were observed in cytoplasmic vesicles (Fig. 6 ).
In the stroma we observed viruses in fibroblasts at 24 h p.i. for all virus strains except Ml13 (28K-), Mll0 (PK), and M118 (PK-). Likewise, all strains infected macrophages in the stroma except strains M113 (28K-), Mll0 (PK), Ml18 (PK) and M101 (gE-). However, as described before, immunohistologically we could detect viral antigens in the stroma with all virus strains except M113 (28K-).
Several investigators have reported on the morphogenesis of herpesviruses in cells (Roizman & Sears, 1990; Whealy et al., 1991; Eggers et al., 1992) . Following infection of cells with a herpesvirus, transcription and replication of the viral genome and assembly of progeny capsids occur in the cell nucleus. After assembly of the viral capsids, the capsids are filled with viral DNA. In infected cells, the inner lamella of the nuclear membrane is modified, and concave or convex patches appear. At these sites capsids adhere and become enveloped by a budding process. However, sections with capsids being enveloped at the inner nuclear membrane are rare, suggesting that envelopment occurs very fast . The enveloped virus particles in the perinuclear space de-envelope at the outer lamella. Virus particles emerge as naked capsids in the cytoplasm and subsequently re-envelope at membranes of SER that contain viral proteins (Whealy et al., 1991) . The virus is subsequently released into the extracellular environment either by budding at the plasma membrane or by reversed phagocytosis of vesicles containing enveloped virus particles (Katsumoto et al., 1981) . Another theory is that after envelopment at the nuclear membranes virus particles mature by passage through the Golgi system and subsequently are released from the cell (CampadelliFiume et al., 1991) .
In this study, we examined the morphogenesis of PRV US mutants in vitro in nasal explants and tried to correlate the findings with those of in vivo studies (Kimman et al., 1992; Peeters et al., 1993; Mulder et al., 1994) . Viral strains M120 (rescued PK ), M209 (wildtype), M113 (28K) and M104 (gG) are virulent for pigs (Kimman et al., 1992) . A PRV mutant lacking gG is also virulent for mice (Thomsen et al., 1987) . The infection patterns of these mutants in nasal mucosa explants corresponded to their virulence in vivo and the viral assembly of these strains were completely or almost identical to that of the parent NIA-3 strain. Strain M 101 (gE-) is not virulent for pigs (Kimman et al., 1992) and has a reduced virulence for mice (Jacobs et al., 1993) . Glycoprotein gE-PRV strains are less virulent because they are impaired in passing neural synapses (Kimman et al., 1992; Kritas et al., 1994a, b; Mulder et al., 1994) . In nasal mucosa explants, gE PRV behaves like the virulent NIA-3 virus. However, the presence of predominantly naked eapsids in the cytoplasm could indicate that gE may influence the envelopment of capsids at membranes of the SER. Further studies should indicate whether the same is true in neuronal cells.
After attachment of the virion to the host cell, gD is essential for virus penetration (Peeters et al., 1993) . Since progeny virus, lacking gD, cannot infect neighbour cells by an extracellular route, the only mechanism for gD-PRV to spread is by cell-to-cell transport. Upon parenteral inoculation of adult BALB/c mice, mutant strain R122 (gD) can still reach the CNS and kill the mice (Peeters et al., 1993) . In 4-6-week-old specificpathogen-free Dutch Landrace pigs, however, strain R122 (gD-) is less virulent (Peeters et al., 1994) . In porcine nasal mucosa explants R122 (gD-) spreads like the parent NIA-3 strain, suggesting an efficient cell-tocell spread of both NIA-3 and R122 (gD-) in this tissue.
The PK mutants MI10 and Ml18 showed the most striking alterations in virion morphogenesis. The development of progeny virus was hampered in the perinuclear space of the epithelial cells after budding of 
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capsids at the inner lamella of the nuclear membrane. This defect resulted in an accumulation of many virions in the perinuclear space and a lack of virions in the cytoplasm. We therefore speculate that a viral protein phosphorylated by the US-3 encoded PK, presumably the major virion phosphoprotein, plays a role in the deenvelopment of virions at the outer lamella or in the egress of virions into the cytoplasm. We proved that these alterations in the morphogenesis were due to the US3-encoded PK, because the rescued mutant (M120) showed the same morphogenesis as wild-type NIA-3.
We also studied the assembly of the PK-mutants and the rescued virus in SK-6 monolayer cell suspensions and in porcine alveolar macrophages obtained from the lungs of specific-pathogen-free pigs. In SK-6 cells, on infection with the PK mutants, the morphogenesis was identical to that of the PK-mutants in nasal mucosa cells. After infection with the rescued mutant we found the wild-type like morphogenesis. The morphogenesis of the PK mutants in porcine lung alveolar macrophages resembled that of the rescued mutant. In none of the infected cells could we find virus accumulations in the perinuclear space.
The influence of inactivation of US3 has also been studied in herpes simplex virus type 1 (HSV-1) and 2 (HSV-2). An HSV-2 US3 PK-mutant replicated as efficiently as the parental virus in Vero cells but not in peritoneal macrophages (Nishiyama et al., 1992; Kurachi et al., 1993) . These findings indicate that the HSV-2 US3-encoded PK may have a cell-type specific activity. This may also be true for PRV US3-encoded PK, because of the difference in morphogenesis in SK-6 and porcine lung alveolar macrophages. PRV US3 PK-mutants show a slightly impaired growth in SK-6 cells, but a strongly reduced growth was observed in L14 cells, a porcine B cell line (Kimman et al., 1992 . After inoculation by footpad and intraperitoneal routes the HSV-2 US3-mutant was 10000-fold less virulent than the parental virus (Nishiyama et al., 1992) . As mentioned, also PRV US3-mutants have a decreased virulence for SPF pigs (Kimman et al., 1992 . HSV-1 US3 protein kinase has been detected in the cytoplasm of infected cells (Frame et al., 1987) and virions (Zhang et al., 1990) . Purves et al. (1991) demonstrated that US3-encoded PK of HSV-1 is involved in the phosphorylation ofa 30K protein encoded by UL34. Daikoku et al. (1994) reported that HSV-2 US3-encoded PK may be involved in the phosphorylation of the US9-encoded tegument phosphoprotein. From our experiments we hypothesize that the decrease in virulence of US3 PK mutants may be caused by an accumulation of progeny virus in the perinuclear space of the host cells.
Apart from the US3 gene, the genome of PRV contains a second gene encoding a serine/threonine containing protein kinase, designated UL 13 . Interestingly, a mutant lacking UL13 displays a wild-type growth in cell culture and is virulent in mice . The biological features of both protein kinases indicate a different role in the viral replication cycle.
In conclusion, we found that inactivation of genes in the US region of the PRV genome caused changes in virus spread and morphogenesis in porcine nasal mucosa explants. We found no clear association between virus spread in nasal mucosa explants and virulence in vivo. The most striking defect in morphogenesis was caused by a mutation in. the PK-encoding US3 gene. Mutants lacking the US3-encoded PK displayed an accumulation of virions in the perinuclear space, which could explain their reduced virulence in vivo.
